Difficulties in the quantitative determination of the lanthanides result from the great chemical similarity of their ions. Since fluorometric methods are inherently more sensitive and selective than absorption method, studying the fluorescence enhancement of lanthanides in an aqueous medium has become an active research field. In the method for enhancing lanthanide fluorescence, a number of organic ligands, such as β-diketones and aromatic carboxylic acids, have been used as sensitizing ligands by several workers. [1] [2] [3] [4] [5] [6] [7] [8] [9] The use of such sensitizing ligands has resulted in a fluorescence enhancement of lanthanide by more than several orders of magnitude.
Introduction
Difficulties in the quantitative determination of the lanthanides result from the great chemical similarity of their ions. Since fluorometric methods are inherently more sensitive and selective than absorption method, studying the fluorescence enhancement of lanthanides in an aqueous medium has become an active research field. In the method for enhancing lanthanide fluorescence, a number of organic ligands, such as β-diketones and aromatic carboxylic acids, have been used as sensitizing ligands by several workers. [1] [2] [3] [4] [5] [6] [7] [8] [9] The use of such sensitizing ligands has resulted in a fluorescence enhancement of lanthanide by more than several orders of magnitude.
Salicylic acid and its derivatives have been commonly used as fluorescent reagents for the determination of many lanthanide ions. [10] [11] [12] [13] It is relative to its hydroxyl and carbonyl group, which could form a stable hexahedral complex with lanthanides ions. 4-Chlorsalicylic acid (CSA) is a medical intermediate synthesized in our laboratory. In the present work, CSA was first used as a ligand for enhancing the Tb 3+ fluorescence in an aqueous medium. The fluorimetric procedure is based on the formation of Tb-CSA-EDTA-CTMAB quadruple complex. In this system, EDTA acts as both a synergistic ligand and a general masking agent. As a result, there is little interference from any of the other rare earths. Also, the addition of CTMAB in this system can successfully shield the Tb 3+ from collisions with the solvent H2O molecules and increase the fluorescence quantum yields.
Hence, the fluorescence intensity was increased by more than 8 times by adding CTMAB.
Experimental

Apparatus and material
The fluorescence intensity was measured on a Shimadzu RF-540 spectrofluorometer using 1 × 1 cm quartz cells. The excitation and emission band passes were 10 nm. The pH measurements were made with a pHs-2 meter.
All of the chemicals used were of analytical-reagent grade in the present work. Stock solutions of the lanthanide ions (0.01 mol/L) were prepared by dissolving a known amount of appropriate rare earth oxide (> 99.9%) in hydrochloric acid (1:1). After evaporating the acid, the residue was dissolved in water and diluted to 100 ml. Working solutions were obtained by appropriate dilution with water. A solution of CSA (2.0 × 10 -3 mol/L) was prepared by dissolving 0.0863 g (99%) of pure CSA in 0.1 M sodium hydroxide and diluting in a 250 mL volumetric flask with distilled water. A solution of CTMAB (0.05 mol/L) was prepared by dissolving 4.5556 g of CTMAB in a 250 mL volumetric flask with distilled water. An EDTA solution (2.0 × 10 -3 mol/L) was prepared by dissolving 0.1861 g of EDTA in a 250 mL volumetric flask with distilled water.
Procedure
After a sample solution containing 3.0 × 10 -8 -1.0 × 10 -5 mol/L of terbium was transferred to a 25 ml volumetric flask, 1 ml of a CSA solution (2.0 × 10 -3 mol/L), an EDTA solution (2.0 × 10 -3 mol/L), a CTMAB solution (0.05 mol/L) and 2 ml 0.02 mol/L NaOH as a buffer are added. The mixture was then diluted to 10 mL with distilled water, and after 5 min the fluorescence intensity was measured at 544 nm following excitation at 327 nm.
Results and Discussion
Characteristics of the fluorescence spectrum Figure 1 shows the excitation and emission spectra of the The quadruple complex formed by terbium with 4-chlorosalicylic acid (CSA), EDTA and cetyltrimethylammonium bromide (CTMAB) has been used for the sensitive spectrofluorometric determination of terbium in mixed rare earths. The effect of the experimental conditions on the fluorescence intensity was defined. Under the optimum conditions selected, the fluorescence intensity was linear with the terbium concentration in the range of 3.0 × 10 -8 -1.0 × 10 -5 mol/L with a detection limit of 8.0 × 10 -9 mol/L (S/N = 3). It has been satisfactory for the determination of terbium in mixed rare earths with good recovery. system of Tb complexes. Upon the addition of EDTA, the excitation maximum shifted from 306 nm in Tb-CSA complex to 312 nm in Tb-CSA-EDTA system. A similar shift in the excitation maximum from 312 nm to 327 nm was seen upon adding a cationic surfactant, CTMAB. From the emission spectrum of Tb complexes, it was observed that there was no fluorescence in the Tb-CSA complex. Also, the fluorescence was very weak in the Tb-CSA-EDTA system. The fluorescence was enhanced by about 8-fold in the Tb-CSA-EDTA-CTMAB complex upon adding CTMAB. The emission of the Tb ion was assigned to transitions from the 
F4
levels at 490, 544 and 585 nm, respectively. With the described apparatus, only the peak at 544 nm is analytically useful.
Effect of the experimental conditions
The effect of the pH on the fluorescence intensity was investigated in the range of 9.2 -13.3. The pH was adjusted with small aliquots of 6 mol/L hydrochloric acid or sodium hydroxide solutions. The maximum fluorescence intensity was obtained at a pH of between 11.2 and 12.6 (Fig. 2) . Therefore, 2 ml of a 0.02 mol/L sodium hydroxide solution (pH = 11.9) was chosen as the buffer for subsequent experiments.
The effect of the reagent concentration was extensively investigated for CSA, EDTA and CTMAB. Figure 3 shows the effect of the CSA concentration on the fluorescence intensity of Figure 5 shows the effect of the CTMAB concentration on the fluorescence intensity: the intensity reached a maximum when 2.5 × 10 -3 -6.0 × 10 -3 mol/L CTMAB was employed. Therefore, 5.0 × 10 -3 mol/L CTMAB was chosen as the optimum condition. The addition of a cationic surfactant, CTMAB, led to an 8-fold increase in the fluorescence intensity of the complex compared with that in the absence of a surfactant. The enhancement began after the addition of a particular surfactant concentration (corresponding to the CMC), and a relatively high micellar concentration was required to achieve the maximum fluorescence. Micelles exhibit an environment characterized by a higher viscosity and a low polarity than an aqueous solution, and increased the fluorescence quantum yield. 14 No change in the fluorescence was observed during the period of 5 -120 min after preparing of the solutions for measuring. The stability of the fluorescence against prolonged irradiation -3 mol/L; pH = 11.9; λex = 327 nm; λem = 544 nm. Fig. 2 Effect of the pH. Other condition as in Fig. 1 , except for the change in the pH. Fig. 3 Effect of the CSA concentration on the fluorescence intensity. All other conditions as in Fig. 1 , except for change in the CSA concentration. Fig. 4 Variation of the fluorescence intensity with the EDTA concentration. All other condition as in Fig. 1 , except for the change in the EDTA concentration.
was also examined. The fluorescence intensity was made to be stable for at least 1 h by continuous irradiation.
Calibration curves and detection limit
Under the optimum experimental condition, the fluorescence intensity was a linear function of the concentration over the range of 3.0 × 10 -8 -1.0 × 10 -5 mol/L for Tb. The limit of detection was 8.0 × 10 -9 mol/L (S/N = 3) under the recommended conditions.
Interferences
The effect of other ions on the fluorescence intensity was also examined. Under the optimum experimental conditions, the highest molar excess that caused a ±10% variation was as follows: Tm (20-fold); Dy, Er, Nd (30-fold); Eu, Gd, Ce(III), Pr, Sm (50-fold); Ho, Y (60-fold). The following ions were examined in 100-fold molar excess, but none was found to cause any interference: La, Sc, Lu, Fe(III).
Application
In order to test the validity of the method, a synthetic sample was prepared according to the rare-earth contents of some rocks of the Earth's Crust 15 (sample 1). In addition, the amount of Tb in a reference material from Baotou Rare Earth Academy of China was also analyzed (sample 2). The obtained results are given in Table 1 , from which it is clear that the developed procedure could find applications in the trace determination of Tb in a mixture rare earths. A recovery experiment was also examined, as can be seen from Table 2 . A good agreement was obtained by using the standard addition method.
Conclusions
The results show that the fluorescence system Tb-CSA-EDTA-CTMAB is suitable for the determination of trace amounts of terbium in rare earth samples with satisfactory results.
Compared with the X-ray fluorescence method conventionally used for determining rare earths, the described one is more selective and sensitive except for its little application scope. However, X-ray fluorescence analysis suffers serious matrix interferences, 16 and has a relatively high detection limit. 17 In particular, the proposed fluorescence system has a strong antiinterference ability, and can be utilized for the direct determination of terbium in lanthanide mixtures with little matrix interference. Fig. 1 , except for the change in the CTMAB concentration. 
